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TEMPERATURE-BASED ESTIMATION OF
REMAINING ABSORPTIVE CAPACITY OF A
GAS ABSORBER

ORIGIN OF THE INVENTION

The 1mnvention described herein was made 1n the perfor-
mance of official duties by an employee of the Department
of the Navy and may be manufactured, used, licensed by or
for the Government for any governmental purpose without
payment of any royalties thereon.

FIELD OF THE INVENTION

The invention relates generally to gas absorbers, and more
particularly to a temperature-based method and system for
estimating the remaining absorptive capacity 1n a gas
absorber such as a CO, absorber used 1n a re-breathing
apparatus.

BACKGROUND OF THE INVENTION

Closed circuit re-breathing systems are used by underwa-
ter divers, miners, firefighters, hazardous material handlers,
and a variety of other personnel that must work 1n environ-
mental conditions where breathable air 1s either unavailable
or in short supply. In general, a re-breather includes a carbon
dioxide (CO,) absorber or scrubber in its exhaust gas
breathing loop. The CO,, absorber includes material that will
“absorb” (1.e., react with) the CO, in the exhaust gas. Since
the removal of CO, 1s critical, it 1s important for the user to
know when the CO, absorber 1s losing its ability to absorb

exhaled CO..

To address this problem, a variety of approaches have
been used. For example, U.S. Pat. No. 4,154,586 discloses
a method 1n which the CO,, absorbent material changes color
when 1t 1s spent. However, 1n underwater diving and fire
fighting applications, the user may not be able to see such a
color change. Another approach 1s described 1n U.S. Pat. No.
4,146,887 where a temperature difference between the ambi-
ent environment and one location inside the absorber is
measured and used to provide an “end-of-life” indication.
Still another approach is described 1n U.S. Pat. No. 4,440,
162 where temperature 1s measured at a predetermined
location 1n the absorber. When the temperature exceeds a
pre-set value, an alarm 1s triggered. However, variations in
ambient conditions can cause an end-of-life indication or an
alarm to come too early or too late 1n the life of the absorber.

Since the endurance of a CO, absorber varies with
ambient temperature/pressure and with a user’s breathing
rates, 1t 1s desirable to provide a user with ongoing infor-
mation as to the remaining capacity of the CO, absorber.
However, the above-described prior art approaches are
either impractical for certain applications or do not provide
such ongoing information.

SUMMARY OF THE INVENTION

Accordingly, it 1s an object of the present invention to
provide a method of estimating the remaining absorptive
capacity of a gas absorber.

Another object of the present mmvention 1s to provide a
method and system of providing a visual display of the
remaining absorptive capacity of a gas absorber that absorbs
a gas during an exothermic reaction.

Still another object of the present 1nvention 1s to provide

a method of estimating the remaining absorptive capacity of
a CO, absorber.

A still further object of the present invention is to provide
a method of estimating the remaining absorptive capacity of
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a gas absorber of a CO, absorber 1n a way that 1s nearly
independent of ambient conditions.

Yet another object of the present invention 1s to provide a
method of visually displaying the approximate remaining
absorptive capacity of the CO, absorber used 1n a
re-breathing system.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a method and
system are provided for estimating remaining absorptive
capacity of a gas absorber that absorbs a gas (e.g., CO,)
during an exothermic or endothermic reaction therewith.
The gas absorber 1s disposed 1n a flow of the gas such that
the gas flows 1nto an inlet of the gas absorber and tlows
therethrough along a flow path. Inside the gas absorber, a
reaction gas 1s produced by the exothermic or endothermic
reaction and exits the gas absorber at an outlet thereof. A
plurality of temperature sensors are distributed along the
flow path. The temperature sensors include a first tempera-
ture sensor positioned at the gas absorber’s inlet and sub-
sequent temperature sensors spaced apart along the flow
path. Temperatures at each temperature sensor are measured
and temperature differences between each subsequent tem-
perature sensor and the first temperature sensor are deter-
mined. Each temperature difference 1s normalized using the
largest of the temperature differences so that corresponding
normalized temperature differences are generated. The nor-
malized temperature differences are indicative of the
remaining absorptive capacity of the gas absorber. More
specifically, processing includes the selection of a calibra-
tion function that 1s based on an experimentally-determined
relationship between the normalized temperature differences
and the remaining absorptive capacity. The remaining
absorptive capacity can be represented visually on a display
as a percentage of an initial absorptive capacity of the gas
absorber or as a function of the amount of the gas (that is to
be absorbed) that exits the outlet of the gas absorber.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages of the present
invention will become apparent upon reference to the fol-
lowing description of the preferred embodiments and to the
drawings, wherein corresponding reference characters indi-
cate corresponding parts throughout the several views of the
drawings and wherein:

FIG. 1 1s a functional block diagram of a CO,, absorber of
a re-breathing system instrumented to carry out the method
of estimating the remaining absorptive capacity of the CO,
absorber 1n accordance with the present invention;

FIG. 2A 1s a schematic view of an LED display that can
be used to visually represent the remaining absorptive
capacity;

FIG. 2B 1s a schematic view of a numeric display that can
be used to visually represent the remaining absorptive
capacity; and

FIG. 2C 1s a schematic view of an analog, fuel gauge type

of display that can be used to visually represent the remain-
ing absorptive capacity.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, a CO, absorber 100 of a re-breathing system (not
shown) is illustrated. As is well known in the art, CO,
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absorber 100 receives exhaust gas (1.e., exhaled breath) and
exothermically reacts with same along a flow path depicted

by dashed lines 102. During its useful life, CO, absorber 100
outputs a reaction gas that 1s mostly free of CO,. This
reaction gas 1s then available for use by the re-breathing
system. It 1s to be understood that the particular chemical
structure and use of the reaction gas 1s not a limitation of the
present invention.

As mentioned above, an exothermic reaction takes place
within CO, absorber 100 during the effective life thereof. It
1s to be understood that while the present 1nvention will be
described relative to CO, absorber 100, the present 1nven-
fion can be used 1n conjunction with any gas absorber that
absorbs a gas during an exothermic or endothermic reaction
in order to estimate the remaining absorptive capacity of the
gas absorber.

In accordance with the present invention, CO. absorber
100 has a number of temperature sensors (e.g., thermistors
or any other temperature sensor) distributed along flow path
102 defined therein. By way of example, five such tempera-
ture sensors are shown. However, as will be understood by
one of ordinary skill 1n the art, a greater or lesser number of
temperature sensors can be used depending on the geometry
of the gas absorber or desired resolution of the remaining
absorptive capacity. The temperature sensors are referenced

by numerals 10, 12, 14, 16 and 18 where sensor 10 1s

positioned to sense the temperature of the gas in an inlet
100A of CO, absorber 100. Temperature sensors 12—-18 are
distributed in a spaced-apart fashion along flow path 102.
Although not a requirement of the present invention, the last
of the temperature sensors along flow path 102 (i.e., sensor
18) is typically positioned at or near the outlet 100B of CO,

absorber 100.

Temperature sensors 10—18 have their outputs coupled to
a processor 20 where the corresponding measured tempera-
tures T,,—T,5 are processed to continually provide an esti-
mate of the remaining absorptive capacity of CO., absorber
100. The estimate can be displayed visually by means of a
display 22 coupled to processor 20. As illustrated by FIGS.
2A-2C, display 22 can be implemented 1n a variety of ways
without departing from the scope of the present invention.
For example, display 220 in FIG. 2A 1s a series of lights
(e.g., LEDs) 220A-220F with each light corresponding to a
remaining capacity of CO, absorber 100. Typically, remain-
Ing capacity 1s depicted as a percentage of the absorber’s
initial capacity. Display 220 could be operated to display all
lights up to the current percentage of remaining capacity to
provide the user with a quick and ongoing indication of the
remaining capacity. Another display option 1s 1llustrated in
FIG. 2B where a numeric display 222 1s used to provide a
numeric indication of the current percentage of remaining
capacity. Still another display option 1s illustrated in FIG. 2C
where an analog fuel type gauge 224 1s used to visually
represent the percentage of remaining capacity in the same
way an automobile’s fuel gauge does.

The present invention could alternatively make use of a
display that depicted the amount of CO,, exiting outlet 100B.
That 1s, over its life, CO, absorber 100 will become less
cifective at absorbing the CO, 1n the exhaust gas.
Accordingly, processor 20 could be configured/calibrated to
output a display signal that causes display 22 to depict the
remaining absorptive capacity as a function of the amount of
CO, exiting CO, absorber 100 at outlet 100B. Then, 1n the
case ol a numeric display, for example, an estimate of the
amount of CO, exiting the absorber could be displayed with
the user knowing acceptable versus unacceptable amounts of

CO.,.
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Regardless of the choice for visual representation of the
remaining absorptive capacity, the present invention first
processes the measured temperatures in the same fashion.
Specifically, at any given time during the use of CO,
absorber 100, temperature measurements from sensors
10-18 arc provided to processor 20. At start up, with fresh
absorbent in CO, absorber 100, the exothermic reaction
(reaction front) takes place close to inlet 100A of the
absorber 100 which produces a high temperature 1n that
region. As the warm gas travels downstream, it heats up the
rest of the absorber. As the absorbent gets used up, its
exothermic reaction activity drops and the temperature in
that area drops.

Using the measured temperatures, a set of temperature
differences are generated where each temperature difference
1s defined as the temperature difference between the tem-
perature at inlet 100A (as measured by sensor 10) and one
of the subsequent sensors (i.e., sensors 12—18) distributed
along tlow path 102. That 1s, 1n the 1llustrated example, the
temperature differences can be written as follows:

Al=1,-T1,
Al=1 1,
Als=11¢-1
Al=1¢-1;

The next step in the process 1s to normalize this set of
temperature differences using the difference that 1s greatest
(AT, ) for that particular set of temperature measurements.
For example, shortly after start-up, the greatest temperature
difference will presumably be AT, _=ATT, since the exother-
mic reaction of CO, will occur near inlet 100A. The
corresponding relative or normalized temperature ditfer-
ences are generated as follows:

AT, /AT,
AT,AT,,
ATJAT,,

AT AT,

The normalized temperature differences are then com-
pared to a predetermined experimentally-based calibration
curve or function to determine the remaining absorptive
capacity of CO, absorber 100. The calibration curve or
function could be represented by a plot, for example, of the
percentage of remaining absorptive capacity (or the amount
of CO, exiting the absorber) versus relative or normalized
temperatures. The predetermined calibration curve or func-
tion can be developed by actually testing the particular gas
absorber design. That 1s, 1n the test or calibration determi-
nation mode, the gas absorber would be used continuously
until there was zero absorptive capacity. During the test
process, temperatures would be recorded at the various
sensor positions at predetermined time intervals to yield a
temperature distribution. A calibration function can then be
derived from this distribution as would be well understood
by one of ordinary skill in the art.

In tests of the present invention, experimental data con-
firmed the belief that temperature increases 1n CO.,, absorber
100 vary 1n complex ways depending on ambient pressure,
ambient temperature, and the amount of CO, 1n the exhaust
cgas. However, by using the relative temperatures, the appar-
ent complexity was drastically reduced. Some further refine-
ments may be gained by measuring the current ambient
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pressure and/or temperature. Further, it may be necessary to
combine a number of experimentally determined calibration
curves/functions from varying ambient pressures and tem-
perature to yield some average function which, 1n the
average usage, will provide the user with a “safe” indication
of remaining absorptive capacity. However, 1n some extreme
environments, the average function may overestimate
remaining capacity when little or none remains. Thus, 1n
these applications, 1t may be desirable to use calibration
curves/functions that provide for the “safest” level of
operation, 1.¢., meaning that an average usage would still
have plenty of remaining absorptive capacity even when the
display indicated zero capacity.

The advantages of the present invention are numerous.
The method and system can be used to provide an ongoing
indication of the remaining absorptive capacity of a gas
absorber that produces an exothermic or endothermic reac-
tion. Thus, the user 1s not forced to react to a last-minute,
end-of-life alarm. This 1s especially important when the
present 1nvention 1s applied to CO, absorbers used 1n
re-breathing systems. Since only relative temperatures are
used, the approach of the present invention 1s nearly inde-
pendent of ambient conditions. Further, the present inven-
fion can be adapted to a variety of exothermic or endother-
mic reaction type gas absorbers. Still further, a variety of
operating environments can be accommodated merely by
providing the relevant calibration curves/functions. Another
advantage 1s that the processor and display do not have to be
operating continuously to record all events from the start,
but can be turned on only when desired thereby saving
POWETr.

Although the i1nvention has been described relative to a
specific embodiment thereof, there are numerous variations
and modifications that will be readily apparent to those
skilled in the art mn light of the above teachings. It is
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as speciiically described.

What 1s claimed as new and desired to be secured by
Letters Patent of the United States 1s:

1. A method of estimating remaining absorptive capacity
of a gas absorber that absorbs a gas during an exothermic or
endothermic reaction therewith, said method comprising the

steps of:

disposing said gas absorber 1n a flow of said gas, wherein
said gas flows 1nto said gas absorber at an inlet thereot
and flows through said gas absorber along a flow path,
and wherein a reaction gas 1s produced by said reaction,
said reaction gas exiting said gas absorber at an outlet
thereof;

distributing a plurality of temperature sensors along said
flow path wherein said plurality of temperature sensors
includes a first temperature sensor positioned at said
inlet and subsequent temperature sensors spaced apart
along said flow path;

measuring a temperature at each of said plurality of
temperature Sensors;

determining temperature differences between each of said
subsequent temperature sensors and said first tempera-
ture sensor,

normalizing each of said temperature differences to a
largest one of said temperature differences wherein
corresponding normalized temperature differences are
generated; and

comparing said normalized temperature differences with
an experimentally-determined calibration function to
determine the remaining absorptive capacity of said gas
absorber.
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2. A method according to claim 1 wherein said step of
distributing includes the step of positioning one of said
subsequent temperature sensors at said outlet.

3. A method according to claim 1 further comprising the
step of displaying a visual representation of the remaining
absorptive capacity wheremn said visual representation
depicts the remaining absorptive capacity as a percentage of
an 1nitial absorptive capacity of said gas absorber.

4. A method according to claim 1 further comprising the
step of displaying a visual representation of the remaining
absorptive capacity wheremn said visual representation
depicts the remaining absorptive capacity as a function of
the amount of said gas exiting said outlet.

5. A method according to claim 1 further comprising the
step of comparing said normalized temperature differences
with an experimentally-determined calibration function to
determine the remaining absorptive capacity.

6. A method according to claim 1 further comprising the
step of displaying a visual representation of the remaining
absorptive capacity wheremn said visual representation
depicts the remaining absorptive capacity as a function of
the amount of CO, gas escaping said CO, absorber.

7. A method of estimating remaining absorptive capacity
of a CO, absorber 1n a re-breather system, said method

comprising the steps of:

passing exhaled CO, gas from said re-breather system
through said CO., absorber;

distributing a plurality of temperature sensors throughout
sald CO, absorber wherein said plurality of tempera-
ture sensors includes a first temperature sensor posi-
tioned where said exhaled CO, enters said CO,
absorber and subsequent temperature sensors spaced
apart 1n said CO,, absorber;

measuring a temperature at each of said plurality of
temperature Sensors;

determining temperature differences between each of said
subsequent temperature sensors and said first tempera-
ture sensor;

normalizing each of said temperature differences to a
largest one of said temperature differences wherein
corresponding normalized temperature differences are
generated; and

comparing said normalized temperature ditferences with
an experimentally-determined calibration function to
determine the remaining absorptive capacity of said
CO, absorber.

8. A method according to claim 7 wherein said step of
distributing includes the step of positioning one of said
subsequent temperature sensors at an outlet of said CO,
absorber.

9. A method according to claim 7 further comprising the
step of displaying a visual representation of the remaining
absorptive capacity wheremn said visual representation
depicts the remaining absorptive capacity as a percentage of
an 1nitial absorptive capacity of said CO, absorber.

10. A method according to claim 7 further comprising the
step of comparing said normalized temperature differences
with an experimentally-determined calibration function to
determine the remaining absorptive capacity.

11. A system for estimating remaining absorptive capacity
of a gas absorber that absorbs a gas during an exothermic or
endothermic reaction therewith, said gas absorber having an
inlet recerving a tlow of said gas and defining a flow path
therethrough along which said gas flows, wherein a reaction
ogas 1s produced by said reaction, said reaction gas exiting
said gas absorber at an outlet thereof, said system compris-
ng:
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a plurality of temperature sensors distributed along said
flow path wherein said plurality of temperature sensors
includes a first temperature sensor positioned at said
inlet and subsequent temperature sensors spaced apart
along said flow path, wherein each of said plurality of
temperature sensors can measure a temperature,

means for determining temperature differences between
cach of said subsequent temperature sensors and said
first temperature sensor;

means for normalizing each of said temperature differ-
ences to a largest one of said temperature differences
wherein corresponding normalized temperature ditfer-
ences are generated;

means for comparing said normalized temperature differ-
ences with an experimentally-determined calibration
function to determine the remaining absorptive capac-
ity of said gas absorber; and

means for displaying a visual representation of the

remaining absorptive capacity.

12. A system as 1n claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
percentage of an 1nitial absorptive capacity of said gas
absorber, and wherein said means for displaying comprises
a numeric display indicating said percentage.

13. A system as 1n claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
percentage of an 1nitial absorptive capacity of said gas
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absorber, and wherein said means for displaying comprises
a plurality of lights illuminated in accordance with said
percentage.

14. A system as 1n claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
percentage of an 1nitial absorptive capacity of said gas
absorber, and wherein said means for displaying comprises
an analog gauge for indicating said percentage.

15. A system as in claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
function of the amount of said gas exiting said outlet, and
wherein said means for displaying comprises a numeric
display indicating the amount of said gas exiting said outlet.

16. A system as in claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
function of the amount of said gas exiting said outlet, and
wherein said means for displaying comprises a plurality of
lights 1lluminated 1n accordance with the amount of said gas
exiting said outlet.

17. A system as 1n claim 11 wherein said visual repre-
sentation depicts the remaining absorptive capacity as a
function of the amount of said gas exiting said outlet, and
wherein said means for displaying comprises an analog
cauge for indicating the amount of said gas exiting said
outlet.
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